Introduction
Graphene, a single atom-thick plane of carbon atoms arranged in a honeycomb lattice, is the conceptual building block for many carbon allotropes, from threedimensional graphite (a stack of graphene sheets), to one-dimensional carbon nanotubes (seamless graphene cylinders, see articles by Avouris and Martel and Liu and Hersam in this issue), to zero-dimensional buckyballs (closed graphitic cages). Until recently, this purely two-dimensional form of carbon existed only within three-dimensional graphite or tightly bound to another solid surface. Surface scientists had long been familiar with the latter appearance of graphene, or "monolayer graphite," as an undesirable impurity layer on metal or semiconductor surfaces. 1 However, the presence of a metal surface or of strong interactions between the host surface and monolayer graphite made electronic transport experiments difficult or impossible in most cases, and monolayer graphite remained an obscure curiosity.
In a seminal paper in 2004, Andre Geim and Kostya Novoselov at Manchester University reported that graphene could be obtained by simply rubbing a piece of crystalline graphite against almost any smooth surface, a process referred to as mechanical exfoliation. 2, 3 After exfoliating graphene on thin silicon dioxide over silicon, they found that single graphene layers could be readily identified in an optical microscope, and that they display strong field-effect transistor (FET) behavior, with silicon acting as the gate. Soon Geim and Novoselov, and simultaneously Philip Kim at Columbia University, demonstrated the quantum Hall effect in mechanically exfoliated graphene. 4, 5 The observation of the anomalous half-integer quantization of the Hall conductance 6 provided convincing proof of the massless chiral nature of charge carriers in graphene (see the following subsection Massless Charge Carriers). Additionally, the occurrence of the quantum Hall effect, previously observed only in the highest-quality semiconductor heterostructures, in a material fabricated by such a pedestrian technique, sparked a firestorm of interest that continues to this day.
In parallel with the efforts of Geim and Novoselov, other researchers were independently pursuing the preparation of graphene on metal and semiconductor surfaces. Walter de Heer and Phillip First of Georgia Tech pioneered the electronic characterization of graphene on silicon exceeds their rest mass energy. Electrons in graphene thus behave like photons or other ultra-relativistic particles (such as neutrinos), with an energy-independent velocity v F that is approximately 300 times smaller than the speed of light. However, the connection to relativistic physics is even deeper than this: the Hamiltonian describing particles near the K point may be written as H = v F σ.p, where p = h -k is the momentum vector measured from the K point, and σ are Pauli spin matrices acting on the honeycomb sublattice degrees of freedom. This is the Dirac equation for massless relativistic particles. The positive energy conduction band and the negative energy valence band touch at the K point, just as electron and positron bands touch at zero momentum in the zero mass limit of the relativistic Dirac equation. (For this reason, the Brillouin-zone corners in graphene are often referred to as Dirac points.) When the sublattice degree of freedom is viewed as an effective spin (a "pseudospin"), the pseudospin is parallel to momentum in the conduction band and antiparallel to momentum in the valence band. This correlation between momentum and pseudospin is precisely analogous to the correlation between momentum and real spin in the Dirac equation, which leads in the zero mass limit to the well-known helicity eigenstates.
High Mobility
The pseudospin of charge carriers has real consequences for graphene. In particular, backscattering of charge carriers is suppressed, because backscattering would involve reversing not only the momentum of the charge carrier, but also its pseudospin, which is forbidden for long-wavelength disorder. This fact has enormous consequences for charge carrier transport in one-dimensional carbon nanotubes, in which backscattering is the only possibility. 18, 19 As a result, charge carriers can travel for microns in nanotubes at room temperature without scattering. 20, 21 In graphene, the absence of backscattering is a significant factor behind the high mobility observed in the material. Weak electron-acoustic-phonon coupling, high sound velocity, and the near-absence of point disorder in the graphene lattice in asfabricated samples also contribute to graphene's high mobility.
Truly 2D Material
The physics of two-dimensional electron systems has been studied since the mid-1960s, when Fowler et al. 22 observed that the conductance of electrons near the Si/SiO 2 interface in a metal oxide semiconductor field-effect transistor (MOSFET) was periodic in inverse magnetic field strength, proving that motion perpendicular to the interface was quantized. Standards have now been raised by graphene sheets, in which two-dimensionality is achieved on an atomic length scale. One important consequence is that the size quantization energy scale in graphene is set by the difference in energy between pi and sigma orbitals, which is on the scale of electron volts instead of the meV scale typical of MOSFETs or quantum wells. Two-dimensionality in graphene is therefore much more robust: its electrons remain two-dimensional up to room temperature and beyond to the melting point of graphene. Because graphene electrons are more strongly bound to the graphene plane than semiconductor electrons are bound to a quantum well, chemical doping or electrostatic gating can induce and tune net carrier densities over a very large range (more than ±10 13 cm −2 , equivalent to Fermi energy shifts of ±350 meV). Thus, graphene behaves like a two-dimensional metal even at room temperature-one with widely tunable properties such as work function, density of states, conductivity, and more. With graphene, twodimensional electron physics has emerged from low-temperature physics laboratories to join the room-temperature world.
Other Extraordinary Properties of Graphene
Graphene has a number of other exceptional properties. Because of its robust network of sp 2 bonds, graphene is the strongest material ever studied, 23 allowing, for example, one atom-thick graphene membranes that are impermeable to gas molecules to act like nano-balloons. 24 On the other hand, graphene is also incredibly supple, forming ripples when compressed and strained. [25] [26] [27] This readiness to deform, combined with electrical properties that depend on local morphology, [26] [27] [28] [29] [30] could be exploited for strain-based graphene electronics. 31 Graphene's thermal properties are equally extraordinary. Graphene has extremely high thermal conductivity, up to 5000 W/m K at room temperature, 14 20 times higher than that of copper, and can maintain better thermal contact with SiO 2 than other carbon materials. 32 These findings are encouraging for potential applications in microelectronics and thermal management structures. Finally, graphene's thermal expansion coefficient is large and negative, measured to be ~−6 × 10 −6 /K, 25 which is 5-10 times larger than that in ordinary graphite. The large negative thermal expansion coefficient, which will be an important consideration in management of thermal stress in graphene devices, arises from the abundant outof-plane phonons and is a direct consequence of the two-dimensionality of graphene.
Synthesis of Graphene
The most commonly adopted method of graphene production is mechanical exfoliation, that is, directly "rubbing" bulk graphite onto a smooth substrate. 3 Mechanical exfoliation can reliably produce large area (up to 1 mm 2 has been reported-see Figure 2 ) graphene sheets with surprisingly good electrical properties; they routinely exhibit the quantum Hall effect 4, 5 and have low-temperature mobilities up to 20,000 cm 2 /Vs.
The success of the mechanical exfoliation technique relies on the surprising fact that the graphene layers can be located using an optical microscope. Although Raman spectroscopy can be used to determine the number of layers in a thin graphite sheet, 33 human eyes amazingly remain the fastest and most convenient covering up to 95% of the surface area can be obtained. 9 To fabricate devices, graphene can be transferred by polydimethylsiloxane stamps or by dissolving the underlying metallic substrate in a metal etchant and "scooping" the singlelayer graphene up with desired substrates (e.g., Si/SiO 2 ). Quantum Hall effect and low-temperature mobilities up to 3700 cm 2 /Vs have been observed in these metal-grown graphene sheets. 8 Although still in its infancy, recent progress on epitaxial growth represents an important step toward the development of large-scale graphene-based electronic devices.
Graphene Electronics Gapless Analog Devices
The first-observed and still most-examined aspect of graphene is its ambipolar FET behavior, in which a gate electrode can change both the charge carrier density and type (n or p). Figure 3a shows the conductivity as a function of gate voltage σ(V g ) at a temperature of 2.1 K for an exfoliated graphene device on a SiO 2 /Si substrate, with the heavily doped Si acting as the gate. 39 The conductivity σ(V g ) shows a characteristic "V" shape, with the minimum conductivity occurring at a gate voltage V g,min that corresponds closely to the point of charge neutrality, as determined from the Hall effect. For V g < V g,min , graphene is p-type (current is carried by holes in the valence band), and for V g > V g,min , graphene is n-type (current is carried by electrons in the conduction band). The conductivity σ(V g ) is nearly electronhole symmetric, reflecting the symmetric band structure (see Figure 1 ). At high carrier concentration (i.e., far from V g,min ), σ(V g ) is roughly linear, indicating a nearly constant mobility, approximately 18,000 cm 2 /Vs for this sample. The on-state resistivity is as low as 80 Ohms/square. Figure 3b shows the mobility of a graphene FET on SiO 2 as a function of temperature for a carrier concentration of 10 11 cm −2 . 11 The experimentally determined mobility is roughly independent of temperature at low temperature and is limited by disorder. The disorder in mechanically exfoliated graphene on SiO 2 appears to be primarily due to charges trapped at the surface of the SiO 2 or adsorbed on the graphene. 11, 12, [40] [41] [42] Other possible scattering mechanisms include point defects [43] [44] [45] (though expected to be rare in graphene exfoliated from high-quality graphite crystals), substrate-induced corrugations 12, 27, 29 (which may explain the sublinear σ(V g ) behavior observed in many devices), 12, 41, 42 or weak neutral impurities. 46 Charged impurity scattering 11, 40, [47] [48] [49] gives rise to the way to identify single-and bi-layer graphene. Novoselov and Geim used a silicon substrate with a 300-nm-thick layer of SiO 2 for their initial experiments. 3 Under typical white light illumination, singlelayer graphene on such a substrate appears as very pale purple and almost transparent, and bi-layer graphene appears slightly darker in color (see Figure 2 ). The thickness-dependent color arises from a combination of two factors: (1) the thin graphene layer adds to the optical path of the reflected light, thus resulting in interference between the paths that reflect off graphene and the substrate, 34 and (2) each graphene layer absorbs about 2.3% of light, [35] [36] [37] due to the so-called "universal optical conductivity," which is another direct consequence of graphene's electronic structure.
The ease of graphene production by mechanical exfoliation has made the field of two-dimensional electron physics accessible to practically any investigator. However, this technique is tedious and produces randomly placed graphene sheets. Obviously, to realize graphene's potential as a post-silicon electronic material, techniques for large-area synthesis of graphene are needed, prompting a return to the surface science techniques for growth of graphene on metal and semiconductor substrates. Epitaxial growth of graphene on silicon carbide (SiC) substrates has emerged as a particularly promising technique, 7, 38 as discussed in detail by First et al. in this issue. Very recently, there has also been significant progress in growing graphene on largearea polycrystalline metallic substrates, such as Ni 8, 10 and Cu, 9 via chemical vapor deposition. Typically, such synthesis is performed by placing the metal substrate in a furnace in a methane/hydrogen mixture at 1000°C. Single-layer graphene linear σ(V g ) observed in graphene on SiO 2 (see Figure 3a) and also explains the magnitude of the minimum conductivity: the random charged impurity potential creates puddles of electrons and holes in nominally charge-neutral graphene, 48 leading to a finite minimum conductivity. 4, 40, 50 Increasing the number of charged impurities decreases the mobility but increases the residual carrier density in the puddles. The result is that the minimum conductivity value is only weakly dependent on disorder and is, on order, a few times the quantum of conductance (G 0 = 2e 2 /h = 7.7 × 10 −5 S, where e is the elementary charge). Graphene's mobility begins to show strong temperature dependence near room temperature (see Figure  3b ). 11,12 Surprisingly, this temperature dependence is dominated not by the phonons of graphene itself, but instead by remote interfacial phonon (RIP) scattering from the optical phonons of the SiO 2 substrate. 51, 52 RIP scattering limits the mobility of graphene on SiO 2 to ~40,000 cm 2 /Vs at room temperature. 11 Graphene's longitudinal acoustic phonons give a much weaker contribution, 11, 53 limiting the mobility to ~200,000 cm 2 /Vs at room temperature at a carrier density of 10 11 cm −2 . The phonon-limited mobility of graphene on SiO 2 compares favorably to that of InAs and InSb high electron mobility transistors, for which the highest mobilities achieved in actual devices are ~30,000-40,000 cm 2 /Vs. 54 The on/off resistivity ratio of graphene FETs is only ~100:1 in the best devices, but this is suitable for analog device applications.
Removing the SiO 2 substrate removes RIP scattering and also greatly reduces the charged impurity scattering, presumably by eliminating the influence of trapped charges in the SiO 2 . Suspended graphene devices, free from the SiO 2 substrate, have shown mobilities as high as 250,000 cm 2 /Vs at low temperature 13, 55, 56 and 120,000 cm 2 /Vs at 240 K. 55 Because it is a gapless semiconductor, graphene cannot be directly used for digital electronics (see subsection Bandgap Engineering in Graphene). On the other hand, one can take advantage of its ambipolar transport characteristic to make analog devices such as frequency multipliers, high-frequency mixers, zero-volt detectors, and radio receivers. 57 IBM researchers have recently demonstrated operation of a high-frequency graphene FET, with a cutoff frequency as high as 100 GHz. 58 
Bandgap Engineering in Graphene
Bandgap creation and engineering is crucial for realization of graphene's potential as an electronic material that supplements or replaces silicon. A number of different approaches have been proposed. Here we focus on three different approaches that have been experimentally realized.
Perhaps the most natural approach to bandgap creation is through quantum confinement of charges in graphene nanoribbons (GNRs). 59 A GNR is expected to have a bandgap E g that scales inversely with width (i.e., E g = Δ 0 / N a ), where Δ 0 is an "intrinsic" energy gap, and N a is the number of atoms across the GNR width. Theoretical calculations 60 predict that Δ 0 depends on the edge type (armchair versus zigzag, see Figure 4a and 4b), with an additional rapid dependence on N a with period 3 in the case of armchair nanoribbons. Energy gaps of several hundred meV are expected for widths in the few nanometer range for ideal armchair GNRs, whereas zigzag GNRs may exhibit ferromagnetic metallic edge states. 61 GNRs have been fabricated using a variety of methods, including (1) standard electron beam lithography and etching; (2) chemical exfoliation of graphite, followed by sonication in special surfactants and centrifugation to remove thicker layers; and (3) lithographically or chemically unzipping carbon nanotubes. 62, 63 In transport experiments on lithographically defined 64, 65 and chemically derived GNRs, 66 a gap has been reported, and the narrowest GNRs have on/off ratios of >10 6 at room temeprature. 66, 67 There is considerable debate over how the observed "transport gap" relates to the energy gap (gap in the electronic spectrum), given that transport experiments are also influenced by localization effects due to the disordered edges, defects, and/or impurities. 68, 69 Future experiments will be necessary to clarify and optimize the nature and magnitude of transport gaps in GNRs.
Ideally, the result of graphene electronics research would be "designer" GNRs with controlled, crystallographically oriented edges that enable customization of their electronic properties. For instance, a 5-nm-wide ribbon may display metallic, semiconducting, or even ferromagnetic behavior, depending on its edge orientation. Recently, it was demonstrated that at elevated temperatures, Ni or Fe nanoparticles etch thin graphite and graphene sheets, [70] [71] [72] leaving trenches at abrupt angles, suggesting that they move along specific crystallographic directions. This surprising discovery, combined with efforts to functionalize or passivate the edges, might enable ribbons with tailored electronic properties.
Chemical modification of graphene (e.g., by reaction with atomic hydrogen 73, 74 or through solution chemistry 75, 76 ) also offers a promising route for bandgap engineering, with the advantage of being scalable and inexpensive. Recently, graphene was found to display semiconducting behavior after exposure to a hydrogen plasma (Figure 4d) . 73, 74 During hydrogenation, each hydrogen atom removes a pi electron from graphene via a sp 2 -to-sp 3 transformation of the carbon atom bonding pattern. The fully hydrogenated compound, graphane, is predicted to be a semiconductor with a 3.5 eV energy gap. [77] [78] [79] Graphane is stable at room temperature, exhibiting semiconducting transport properties. Remarkably, upon annealing at 450°C, graphane reverts to the gapless graphene state, and metallic conduction (including even the quantum Hall effect) can be recovered. 73 The discovery of graphane opens up a new front for chemical bandgap engineering and synthesis of novel graphene-related materials. In general, one can expect an intricate interplay between electronic structure, hydrogen ordering, 80, 81 and corrugation of the graphene sheet, resulting in higher stability of some of the configurations/coverages than others. In fact, we expect an entire family of stable macromolecules bridging graphene and graphane.
So far most attention has focused on single-layer graphene. Recently, however, bilayer graphene has increasingly shared the spotlight (see Figure 4e) . The band structure of bilayer graphene is unusual and distinct from single-layer graphene: bilayer graphene has massive (parabolic) valence and conduction bands but remains gapless-the conduction and valence bands touch at the charge neutrality point 82, 83 (see Figure 4f [left]). However, when an electric field is applied perpendicular to bilayer graphene, a bandgap opens at the charge-neutrality point, and the valence and conduction bands adopt a "Mexican hat" shape (see Figure 4f [right]). 84, 85 The electric field-induced gap has recently been measured in photoemission 86 and optical 87, 88 experiments to be as large as ~200 mV. Transport measurements in gapped bilayer graphene show insulating behavior characteristic of disordered semiconductors, probably indicating that the disorder strength is still larger than the energy gap in current bilayer graphene samples. 89 
Beyond CMOS
A number of research efforts seeking electronic technologies "beyond CMOS" are focused on the realization of computing devices based on state variables other than charge. An example is "spintronics," in which information is stored and manipulated in the electron's spin. 90 Because of the low atomic number of carbon and the predominance of the spin-zero carbon-12 nucleus (making up 99% of naturally occurring carbon), carbon atoms have weak spin-orbit and hyperfine couplings, hence a potential for very long spin lifetimes. When combined with its very large current-carrying capacity, these attributes make graphene an attractive candidate for spin-conserving, conducting elements in spintronic circuits. Experimental studies of spin lifetimes and spin propagation in graphene are promising but are still at an early stage [91] [92] [93] [94] and not yet completely understood. In particular, the measured spin lifetime is much shorter than expected, 94 possibly due to disorder or edge chemistry.
Looking further into the future, graphene is also a promising material for pseudospintronics. Pseudospintronics refers to the storage and manipulation of any two valued quantum degree-offreedom other than spin. 95, 96 Unlike spintronics, pseudospintronics has so far remained almost exclusively a theoretical notion. The most attractive degree of freedom for pseudospintronics appears to be the which-layer degree of freedom of a twolayer two-dimensional electron system, in which separate contacts to the individual layers provide a ready source of halfmetallic electronic reservoirs. In the case of graphene, there are at least three distinct types of two-layer systems: AB stacked bilayers, which are readily obtained by mechanical exfoliation of graphite, rotated layers, which form in epitaxial graphene grown on SiC substrates, and two isolated graphene layers, which are separated by a dielectric. In all of these cases, an electric potential difference between top and bottom layers acts like an effective magnetic field that favors one pseudospin state over the other, thus providing a platform for single-particle pseudospintronic devices. 96 Even more enticing, it now may be possible to create two-layer graphene systems that exhibit pseudospin ferromagnetism. Nearly neutral AB bilayers, for example, could be Ising-like pseudospin ferromagnets, in which charge is spontaneously transferred between layers. 97 The electronically isolated bilayer systems could be XYlike pseudospin ferromagnets, in which phase coherence is spontaneously established between separate layers. Both types of pseudospin ferromagnetism would 98 lead to spectacular electrical effects in separately contacted bilayers.
Spontaneous interlayer phase coherence is a type of condensed matter order that has been imagined for many years but realized so far only in semiconductor bilayers and only at low temperatures and in extremely strong magnetic fields. Spontaneous coher ence is associated with exciton con densation and is closely analogous to superfluidity due to 3 He- 3 He pair formation in liquid 3 He. It has been predicted 99 that spontaneous phase coherence might occur in electrically isolated graphene bilayers that have high densities of electrons and holes in opposite layers and a layer separation that is comparable to or smaller than the distance between carriers within a layer. Given the disorder present in graphene samples on substrates, realization of this exotic state appears to require electron and hole densities ~10 13 cm −2 and layer separations of not more than a few nm. Progress is being made in engineering circumstances favorable for this form of pseudospin ferromagnetism. 100
Other Applications of Graphene
In addition to being an excellent conductor with fascinating electrical properties, graphene is also nature's thinnest elastic membrane, opening the door for new electromechanical applications. Graphene can sustain >20% strain without breaking, 23 and the strain dependence of its conductivity can be exploited to enable piezoelectric materials, 8 strain sensors, or flexible electronics. Despite being only one atomic layer thick, graphene is also an amazingly strong material, with a Young's modulus of ~1 TPa 23,101 and a breaking strength of ~130 GPa. 23 These attributes make graphene an ideal candidate for nanoelectromechani cal applications, such as mass detection with unparalleled sensitivity. Nanomechanical resonators based on freestanding graphene membranes have been demonstrated 102 and may lead to ultrasensitive position, force, and mass sensors.
Graphene is also an optically transparent membrane. Interestingly, the optical transmittance of freestanding single-layer neutral graphene is independent of frequency and other material constants and is given by (1 − πα) ≈ 0.97, where
is the fine structure constant, with c being the speed of light. [35] [36] [37] Thus graphene is a transparent, chemically stable, highly conducting thin film, with numerous potential applications in solar cells, displays, and other optoelectronic devices. A particularly compelling aspect of this application is that it does not require single or bilayer graphene: 90% transparent thin films have been demonstrated by spray painting thin graphite sheets that are chemically exfoliated and suspended in dimethylformamide solution, 103 so that mass production of such thin films at relatively low cost appears already feasible. A third emerging application of graphene is in chemical and biological sensors, enabled by graphene's extreme sensitivity to its electromagnetic environment. Conceptually, an adsorbate molecule can transfer electrical charge to graphene, hence changing its electrochemical potential and resistance. Graphene sensors that can detect single molecule events have been reported 104 and will undoubtedly be explored for future sensing technologies.
Graphene also has potential as an energy storage material, either in batteries or electrochemical supercapacitors. Graphitic carbon is already the most commonly used material for the negative electrode of lithium ion batteries, 105 and composite materials containing graphitic carbon can improve the conductivity and structural stability of positive and negative electrode materials. [106] [107] [108] Graphene is now being explored directly for its potential in supercapacitors, which take advantage of its enormous surface area per unit mass. Graphene-based systems already have performance characteristics comparable to those of ultra-capacitor systems in current use, 109 and there is hope that substantial further progress will be possible.
Conclusions
Graphene is a fundamentally new electronic material, whose electrons are strictly confined to an atomically thin twodimensional plane and exhibit properties mimicking those of ultrarelativistic particles. In this review, we have attempted to provide a brief snapshot of this extremely rapidly moving field. Graphene is immediately applicable to high-speed analog electronic devices and transparent, flexible, highly conducting thin films. A significant portion of current research efforts in graphene focuses on generating and tuning a bandgap through nanostructuring, chemical modification, or, in the case of bilayer graphene, by application of a perpendicular electric field. Gapped graphene could enable graphene-based CMOS logic and may be useful in other applications, such as optoelectronics, where a tunable direct bandgap is desirable. Graphene is also being studied for applications beyond CMOS, including spintronics and pseudospintronics. New exotic electronic states, such as excitonic superfluid in decoupled graphene bilayers, may be used to realize low dissipation computing devices. Graphene research is proceeding rapidly, with new results announced daily. Its extraordinary materials properties appear certain to enable applications not yet anticipated.
